Chlamydomonas reinhardii populations in nitrite-limited chemostat culture exhibited damped oscillations in cell number following sharp changes in dilution rate. These oscillations had a period of about 70 h and damped out after not more than two clearly observable cycles. Residual nitrogen in the culture medium during these cycles remained very low (less than 1 pmol N 1-' ). The oscillations were apparently caused by the presence of a complex delay of two distinct physiological components in the relationship between cell division rate and environmental limiting nutrient concentration.
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warm white fluorescent lights, producing an incident light intensity, measured inside the culture vessel, of 400 pW cm-2. Stirring, at 60 rev. min-l, was via a chevron-sealed gland (Sovirel glassware; V. A. Howe). Vigorous aeration maintained a positive air pressure inside the growth chamber and helped prevent contamination. Culture samples were routinely examined by phase-contrast microscopy, and any experimental runs suspected of contamination were discarded. In continuous culture experiments (for further details, see Cunningham, 1976) , medium was pumped into the growth chamber via a peristaltic pump; the variation in daily flow rate was less than 5 %.
Samples (7 ml) were withdrawn automatically every hour and preser\ted in tubes containing 0-2 m140 yo (w/v) formaldehyde solution. This rate of sampling did not disturb the normal operation of the chemostat since steady states were observed before and after the induced transient periods. Cells were counted using a model Zb Coulter counter, and alternate samples were filtered and assayed for residual nitrite using the method of Strickland & Parsons (1972). As formaldehyde interferes with the assay, appropriate calibration curves had to be constructed. Usually, cell counts had a standard deviation of 0.5 % of the mean figure of many counts, and nitrite assays a standard deviation of 2 yo. The lowest detectable nitrogen concentration was 0.75 pmol N 1-l.
RESULTS
Batch culture
In a typical Chlamydomonas batch culture (Fig. l) , the population density followed the familiar sigmoid curve while the limiting nutrient fell to an undetectable level. Significantly, cell division continued for some time after exhaustion of the limiting nutrient, eventually yielding almost twice as many cells as at the moment of nitrite exhaustion.
There is considerable evidence which suggests that the specific growth rate of microalgae is controlled, not by the concentration of limiting nutrient in the environment, but by the Transient growth of Chlamydomonas 229 amount of that nutrient within the cells (Droop, 1968; Fuhs, 1969; Davies, 1970; Caperon & Meyer, 1972; Paasche, 1973) . Our data ( Fig. 1) suggest this also holds for Chlamydomonas reinhardii under nitrite limitation. The idea may be expressed quantitatively by relating the cell quota (Q), defined as the average limiting nutrient content per cell, to the specific growth rate (Fig. 2) . Assuming that all the nutrient disappearing from the medium is taken up by the cells,
where Si is the concentration of nitrite in the medium at the start of the experiment, the residual nitrite concentration at a given time, and x is the population density at time. Specific growth rate (p) is given by
The relationship between fitted by the expression Q and p in batch culture (Fig. 2) is a type of saturation curve,
where Qo-is the minimum cell quota occurring at zero growth rate. The parameters pmX, the value approached by p as Q tends to infinity, and K,, the half saturation constant, are best understood by analogy with Michaelis-Menten enzyme kinetics. The use of equation Continuous culture Two types of non-steady state chemostat growth situations were investigated. In two experiments, cultures inoculated into the chemostat were allowed to reach the plateau phase of batch culture growth before the nutrient pump was switched on. In three additional runs, cultures established in steady state continuous growth were subjected to a rapid increase in pumping rate. In all experiments, the disturbed populations reached a final steady state condition by means of a series of heavily damped oscillations. These oscillations damped out after no more than two observable cycles, and had a period in the range 40 to 200 h. There was no obvious trend in this period with regard to the growth rate at the final steady state. None of the oscillations recorded look like the product of a single harmonic oscillator but the data are not precise enough to warrant speculation on this point. Figure 3 shows the response of growth to a sudden shift in dilution rate from 0-023 to 0-034 h-l in a typical experiment. As the amount of residual limiting nutrient did not rise above the minimum detectable concentration, virtually all the nitrite supplied to the cultures must have been taken up by the cells, and so the oscillations in population density were not driven by large-scale fluctuations in environmental nutrient concentration.
The data of Fig. 3 may be further analysed in terms of cell quota and specific growth rate (Fig. 4) . The total absorption of residual limiting nutrient by the cells makes it possible to calculate the mean cell quota during transients from the same expression as that used for batch cultures (equation 1) by substituting the reservoir concentration of limiting nutrient (SJ for Si. To calculate the specific growth rate, the loss of cells via the overflow must be taken into account, so that 1 dx
where D is the dilution rate.
Cell quota and specific growth rate oscillate with about the same period during the transient stage, but there is a phase lag between the two variables (Fig. 4) . While this lag is probably a complex function of the physiological state of the cells in the culture, it can be described to a first approximation by a simple discrete time lag in the response of specific growth rate to cell quota fluctuations. Equation 3 therefore becomes modified :
where is the cell quota occurring 7 hours before the instant of calculation of ,u. The data available suggest that 7 has a value of about 10 h.
These results, obtained at a sampling rate of 12 times that of previous studies, seem to establish that the oscillatory growth behaviour suggested by Williams (1965) for other species does indeed occur in Chlamydomonas reinhardii. They also provide direct evidence for the discrete lag in population growth response postulated on indirect grounds by Caperon (1 969).
D I S C U S S I O N
Following rapid shifts in dilution rate, Chlamydomonas populations in nitrite-limited chemostat culture exhibit oscillations in cell number which could be generated by two quite different physiological mechanisms. Either the shifts in dilution rate could physiologically shock the population, sufficient to induce a degree of synchrony in the timing of cell division, with subsequent oscillations then being the automatic result of the altered age-structure of the population. Alternatively, the oscillations could arise from a partial uncoupling of the system. controlling cell division from changes in environmental limiting nutrient con-Transient growth of Chlamydomonas 23 1 centration, causing the system to 'hunt' in its attempts to follow sudden alterations in dilution rate. The existing evidence does not indicate which of these two mechanisms is most likely, but, in view of the mathematical complexity of chemostat models incorporating agestructure effects (Hansche, 1969) , it seems desirable to examine the 'uncoupling' hypothesis before invoking the more complex phenomenon of synchronization. Two factors contributing to this uncoupling have been observed experimentally. Firstly, cell division rate is apparently controlled by the quantity of nitrogen inside the cells and, at high growth rates, considerable intracellular storage of nitrogen may occur. Secondly, there is a time lag between fluctuations in this intracellular nutrient content and the corresponding fluctuations in cell division rate. Despite the proliferation of mathematical models of the growth of algae in continuous culture (Williams, 1967; Caperon, 1969; Caperon & Meyer, 1972; Grenney, Bella & Curl, 1973; , 1975 , oscillations of the type shown in Fig. 3 do not appear to be predicted by any existing theoretical treatment of the system. There is a need, therefore, for a simple model of microalgal growth which incorporates both nutrient storage and a discrete time lag in the form of a growth function of the type quoted in equation 5. In particular, it ought to be possible to use such a model to assess the relative importance of the two distinct uncoupling factors mentioned above in contributing to the oscillatory behaviour of the population. Attempts to formulate and analyse modified versions of the Monod model of the steady state growth of bacteria (Monod, 1950) with these objectives in mind are currently in progress.
